ABSTRACT Urbanization has been observed to affect arthropod communities through mechanisms such as removal of habitat and creation of habitat remnants. However, very little research has been conducted that simultaneously analyzes the range of anthropogenic, remnant, and quasi-natural land uses in a city as potential habitat for arthropods. Here we report on Ͼ2 yr of a long-term study of ground arthropods of Phoenix, AZ, focusing on the communities assembled in agricultural Þelds, commercial sites, mesic and xeric residential yards, desert remnants surrounded by the city, and peripheral natural desert. Agricultural Þelds and mesic residential yards generally supported the greatest number of individuals and taxa, showed the best separation from other types in ordination analyses, and had the greatest number of signiÞcantly associated taxa in indicator species analysis. Thus, of the urban habitats, two heavily irrigated and highly productive land use types seem to stand apart from the others in most community measures. Outlying desert sites also supported signiÞcantly associated taxa, including those not found regularly in desert parks and members of higher trophic levels less common in the city. Despite this, outlying desert and desert parks supported similar taxon richness. Xeric residential yards and commercial sites did not support any taxa not found in other land use types. While our results may be dependent on the location of Phoenix in the water-limited Sonoran Desert, we urge broader consideration of highly modiÞed urban landscapes as wildlife habitat.
Urbanization and its consequences for biodiversity and wildlife have received growing attention in recent years, mainly because urban areas represent the fastest growing habitat type worldwide (Collins et al. 2000) . By 2007, most of the worldÕs population may reside in urban areas (McKinney 2002) , and the effects of these human activities will increasingly alter biodiversity, facilitate invasive species, and change trophic structure and ecosystem function. The focus on urban systems has led to the development of the Þeld of urban ecology , Alberti et al. 2003 . Most of the attention on how urbanization alters biodiversity and community structure has focused on vertebrate and plant species (Barker 2000 , McKinney 2002 , Hope et al. 2003 . However, because of their ubiquity, ecological prominence and diversity, investigators have recently focused on the responses of arthropods to urbanization (Miyashita et al. 1998 , Bolger et al. 2000 , McIntyre 2000 , Gibb and Hochuli 2002 , Shochat et al. 2004 ).
There are practical reasons for studying arthropods in urban areasÑthey are diverse and abundant, reproduce rapidly, sometimes respond quickly to environmental change, Þll many ecological roles, and are important for economic reasons (Pyle et al. 1981 , McIntyre 2000 . There have been a variety of effects of urbanization cited in the literature for arthropods. Air pollution has long been studied as a selection agent affecting melanism (Kettlewell 1973 , Majerus 1998 , and water pollution can affect aquatic arthropod communities (Jones and Clark 1987) . Habitat fragmentation associated with urban development has a variety of effects on arthropod communities in relict patches (Bolger et al. 2000, Gibb and Hochuli 2002) . Preponderance of non-native plants in urban landscapes reduces the diversity and abundance of insect pollinations (McIntyre and Hostetler 2001) . Urban habitat management has an assortment of other effects on arthropods (Clark and Samways 1997 , Zapparoli 1997 , Alaruikka et al. 2002 , Helden and Leather 2004 .
Since 1998, the Central Arizona-Phoenix LongTerm Ecological Research (CAP-LTER) program has taken a holistic approach to the study of metropolitan Phoenix, AZ, as an ecosystem (Collins et al. 2000 , Grimm and Redman 2004 , including the responses of arthropods to urbanization (McIntyre 2000 , McIntyre and Hostetler 2001 , Shochat et al. 2004 ). The Phoenix, AZ, metropolitan area is rapidly and substantially transforming the Sonoran Desert ecosystem into a mosaic of farms, urban residential and commercial areas, and desert parks. Our general goal for the line of research reported on in this manuscript, within the larger scope of CAP-LTER, has been to explore how ground arthropods in the Phoenix area respond to these landscape transformations and how patterns vary among seasons and over longer periods of time.
Results of the Þrst year of an arthropod trapping study were published by . This study investigated the differences among the ground arthropod communities of urban agricultural, residential, commercial, and remnant native desert sites and documented seasonal patterns. concluded that arthropods in urban Phoenix responded most strongly to habitat structure, vegetation, and air temperature, and secondarily to land use. Many taxa, including springtails, mites, and ants, were found abundantly across land use categories, although 14 taxa were found only on one land use type.
We have several motivations for a second publication from this long-term study. First, while found strong differences among land use types (particularly between the irrigated and highly productive agricultural Þelds and other types), they left unresolved some important questions about urban land use and arthropod communities. If habitat islands are isolated in such a way to impede dispersal and colonization, habitat heterogeneity should have strong effects on arthropod communities (Kruess and Tscharntke 2000) . If terrestrial taxa are of primary interest, one would expect the communities of remnant parks surrounded by urban development to be depauperate or at least altered compared with those of outlying sites contiguous to large areas of natural vegetation. These patterns might strengthen over time and with intensiÞed urban development. Moreover, any effects of urbanization (whether associated with isolation of native habitat fragments or not) will probably vary over time, making long-term monitoring crucial.
Second, while some desert sites from were at or near the urban fringe, comparisons between outlying desert sites and desert parks were not attempted. Third, in greater Phoenix, urban residential landscaping can vary tremendously , sometimes crudely imitating desert vegetation with drought-adapted shrubs and gravel (xeric residential), and at other times taking the form of heavily irrigated turfgrass and large trees (mesic residential). Residential land use is the largest and growing fraction of land use types in the Phoenix area and many other cities. While addressed this variation by quantifying a number of habitat parameters, they did not explicitly discuss community differences among residential habitat types.
The goals of this study were to report on continuing ground arthropod collection efforts in metropolitan Phoenix, while building on the results of . In this study, we explicitly differentiate between mesic and xeric residential sites and between remnant desert sites surrounded by the city and sites at or beyond the edge of urban development. We predicted that, (1) as before, land use would continue to have strong effects on ground arthropod communities and particularly the fauna of agricultural sites contrasted with that of urban and desert sites. However, by categorizing sites differently we expected to Þnd two additional patterns: (2) remnant and peripheral desert sites should have similar community composition, but with some taxa lost from remnant sites, and (3) communities from mesic and xeric residential sites should be dissimilar in both arthropod richness and community composition, because they differ greatly in management, vegetation, and productivity characteristics (Shochat et al. 2004 ).
Materials and Methods
Arthropods have been collected as a part of the CAP-LTER program since 1998. Pitfall trapping has been conducted in agricultural Þelds, commercial areas (landscaped mostly with drought-adapted shrubs), mesic residential yards (heavily irrigated with turfgrass and irrigation-dependent trees), xeric residential yards (drought-adapted native and nonnative plants, sometimes with ornamental gravel and drip irrigation), desert parks (remnants of the Sonoran Desert within the city), and in undeveloped desert (contiguous Sonoran Desert) near the city periphery. Locations of sites investigated in this study are shown in Fig. 1 .
During the time interval covered in this paper (April 1999 to June 2001), arthropods were collected at 21 sites across and outside the Phoenix metropolitan area. Of these, we report data on 18 sites with the most complete temporal datasets, with 3 sites each from the land use categories listed above. Although some sites were collected on a 6-wk rotation, logistical difÞculties prevented all sites from being collected in each interval. Thus, we report data from one collection interval per quarter of the year: JanuaryÐMarch, 1; AprilÐJune, 2; JulyÐSeptember, 3; OctoberÐDecember, 4. These periods correspond to natural seasons in the Sonoran Desert; January to March features moderate temperatures and some rainfall, April to June is warm to very hot with little rainfall, July to September is very hot and encompasses the summer thunderstorm season, and October to December is again dry but with moderate temperatures. Where more than one collection was made during a quarter at a site, the data reported were from the collection interval featuring the greatest taxon richness (see below). We elected this procedure because additional samples within each quarter were often disturbed and thus incomplete, and because we wanted to use as complete community samples as we had available.
At each site, arthropods were collected on transects of 10 traps each, with each trap consisting of an unbaited 500-ml plastic cup set just below the groundÕs surface. Traps were left open for 3 d. In the laboratory, specimens were sorted, identiÞed (generally to family, the focal taxonomic level for this study) and stored in alcohol in glass jars. For purposes of this study, we restrict analysis and discussion to the taxa that could reasonably be described as ground-dwelling arthropods, for which pitfall traps are effective in sampling.
After identiÞcation and tabulation, specimens from all traps at each site during each interval were combined. Specimens were stored in the Life Sciences Building at Arizona State University, Tempe. Taxon richness, total specimen abundance, and abundance by trophic level were calculated. Trends in richness and abundance (taxon abundances were transformed by [natural logarithm (abundance) ϩ 1]) were analyzed using repeated-measures analyses of variance (ANOVAs) that included as predictors land use type, temporal period, and their interaction. To analyze guild differences among land use types, each family collected was categorized as either herbivores, predators, decomposers, omnivores, or parasites (Borror et al. 1989) . Although many families may contain species that fall into more than one of these categories, in each case, we labeled the taxon according to the most representative guild.
To analyze variation in composition among sites, we performed an ordination using canonical correspondence analysis (CCA) (McCune and Grace 2002) . Although CCA ignores community structure that is unrelated to environmental variables, this is acceptable in this case because this study focuses explicitly on the association between community structure and urban land use type. In the ordination, abundances were again natural logarithm-transformed. The primary matrix consisted of 18 sampling sites (rows) and 80 taxa (columns), with the cells consisting of natural logarithm-transformed abundances of each taxon at each site. The secondary matrix consisted of 18 sampling sites (rows) and six dummy variables standing for the six land use types (columns), with the cells coding each site according to the correct land use type. The conÞguration of species, not sites, was optimized, and biplot scaling was used. Scores for rows in the main matrix were calculated as linear combinations of the columns in the second matrix, and these LC scores (Palmer 1993 ) appear in the plot in Fig. 5 .
Finally, we analyzed the association of individual taxa with land use categories using indicator species analysis (Dufrê ne and Legendre 1997). This technique analyzes the number of individuals of different taxa found on different land use types and determines whether each taxon is primarily and statistically associated with one type or is generalized to more than one type. The number of taxa found to be statistically associated with one land use type can be considered a measure of how "unique" its community is from those of the other land use types.
Statistical analyses were conducted using Minitab Version 14.1 (Minitab 1998 ) and PC-ORD Version 4.41 (McCune and Mefford 1999) .
Results
Between April 1999 and June 2001, 255,884 individuals of 80 different arthropod taxa were collected. Total arthropods captured varied by almost a factor of 10 among the different land use types, with the largest numbers in the most heavily irrigated types (agriculture, mesic residential yards; Fig. 2) . A large amount of the variation in total arthropods captured was related to the number of decomposers captured (in this case, mostly soil mites and Collembola). Springtails, ants, and mites, which collectively represent 93.7% of specimens collected, were found abundantly in all land use categories. Agricultural and mesic sites had the highest number of herbivores and predators. Mesic yards supported the greatest number of omnivores (mostly ants). Although the numbers were very low, only peripheral desert and desert remnants had detectable numbers of parasites.
Land use type had a statistically signiÞcant effect on total arthropods collected (Table 1; Fig. 2 ), although at least one of the categories was found to be statistically heterogeneous [ Table 1 , signiÞcant effect found for Group(Type)]. Although there were statistically signiÞcant effects of time and time ϫ land use type (Table 1) , there were no striking temporal trends in number of arthropods, except that in some time periods an outlier pulled the average up (and greatly increased the variance; Fig. 3a) . Taxon richness varied somewhat among seasons (Fig. 3b) . A similar ANOVA on taxon richness (Table 2) found signiÞcant variation among land use types (although also within types), signiÞcant temporal variation, and a signiÞcant time ϫ land use type interaction. Average richness varied over time, with richness low in the Þrst quarter of the year (JanÐMarch) and high in the second quarter (AprilÐJune) in both years (Fig. 4) . Although taxon richness did vary signiÞcantly over time, agricultural sites and mesic residential yards generally had the highest richness in individual sampling periods (Fig. 4) .
The CCA ordination produced three canonical axes. Axis 1 explained 23.0% of the variance in the species data, axis 2 explained 11.1%, and axis 3 explained 6.8%. A null hypothesis of no linear relationship between matrices was rejected at P ϭ 0.02 for axis 1, using a Monte Carlo test with 1,000 runs. Correlations of dummy variables of land use type (Table 3) indicate that axis 1 represents a contrast between peripheral desert and desert remnant sites on one end, and mesic, agricultural, and to a lesser degree, xeric sites on the other end. Axis 2 most strongly contrasts agricultural and mesic sites, and axis 3 most strongly contrasts commercial sites with peripheral desert and agricultural sites. A plot of species and site scores on axes 1 and 2 (Fig. 5) suggests that overall community struc- ture is associated with the difference among three general community types: mesic communities, agricultural communities, and communities occurring in peripheral desert and desert remnant sites combined. Associations with commercial and xeric sites seem to be weak, as can be seen both from low associations with axes 1 and 2 (Table 3 ) and the short vectors in Fig.  5 .
Indicator species analysis reveals that most taxa that are signiÞcantly associated with one land use category are found in agricultural Þelds and mesic yards (Table  4 ). This table includes the 10 overall most abundant taxa in the samples plus all taxa that have signiÞcant associations (P Ͻ 0.05) with individual land use types. Ten taxa were signiÞcantly associated with agricultural sites, four with mesic yards, three with peripheral desert sites, and two with remnant desert sites. No signiÞcant associations were found with commercial areas and xeric yards. Springtails, ants, and mites, which collectively represent 93.7% of specimens collected, were found abundantly in all land use categories.
Because this initial indicator analysis revealed only a few taxa signiÞcantly associated with peripheral desert sites or desert remnants, we elected to combine the two desert categories into one and redo the analysis. If peripheral desert and desert remnant sites were sufÞciently similar to each other in ways pertinent to ground arthropods, separating them in analysis would artiÞcially exclude taxa that were signiÞcantly associated with the two types grouped together. This changed the results somewhat: two taxa from the Þrst analysis became nonsigniÞcant (AnthicidaeÑantlike ßower beetles, agriculture; LepismatidaeÑsilverÞsh, peripheral desert), whereas several taxa were newly signiÞcantly associated with a land use type (CucujidaeÑßat bark beetles, agriculture; TermitidaeÑter-mites, mesic yards; TingidaeÑlace bugs, commercial sites; MeinertellidaeÑjumping bristletails, PolyphagidaeÑroaches, ScorpionesÑscorpions, combined desert). In summary, this increased the number of taxa signiÞcantly associated with the desert categories by two, increased the number associated with mesic yards by one, and added the only taxon signiÞcantly associated with commercial areas. There was no net change in taxa associated with agricultural Þelds, and no taxa associated with xeric yards.
Discussion
The most obvious trends observed in metropolitan Phoenix ground arthropod communities between 1999 and 2001 were associated with differences between the irrigated agricultural and mesic yard sites and the other four land use categories. These two land use types supported the greatest number of individuals and taxa, were well separated from other types in ordination analysis, and had the greatest number of signiÞcantly associated taxa in indicator species analysis. A related paper on spider communities in Phoenix (Shochat et al. 2004) found that agricultural and mesic yard sites tended to have much higher system productivity than other land use types; thus, variation in site productivity seems to have an important association with characteristics of local arthropod communities. As productivity increases, resources for grounddwelling arthropods, particularly for detritivores and scavengers, undoubtedly also increase.
The temporal patterns in 1999 Ð2001 showed some consistencies with the patterns reported from 1998 to 1999 , although the set of sampling sites was different. In 1998 Ð1999, taxon richness was low in DecemberÐFebruary, increased until the peak of summer (JuneÐJuly), and decreased again. In this study, with quarterly records, richness was low early in the year, increased through the second or third quarters, and decreased again (Fig. 3b) . Total arthropod abundance patterns in 1999 Ð2001 (Fig. 3a) were different from those reported by . In the earlier study, abundance also was lower in the cooler months and higher during hotter months, but there was no consistent pattern in the 1999 Ð2001 data, which were strongly affected by a few outliers (Fig. 3a) . Some of these differences may be related to a prolonged and severe drought from beginning in 1999 in the Phoenix metropolitan area, during which our sampling occurred. The wide variance in number of individuals collected among land use types (Fig. 2 ) may reßected the buffering of the effects of the drought in mesic yards and agricultural Þelds, where water is constantly supplemented and productivity changes are buffered, compared with desert sites (peripheral or remnant), where the effects of seasonal and yearly droughts are fully experienced.
Agricultural Þelds and mesic residential yards consistently featured the greatest number of individuals and taxa ( Figs. 2 and 4 ; Table 4 ). This is consistent with prior work , and probably not surprising given the general evidence that irrigation increases productivity in arthropod communities, often through increasing vegetation biomass (Kirchner 1977 , McPherson et al. 1998 , Frampton et al. 2000 . This mechanism would logically be particularly effective in an arid system, such as that of the Sonoran Desert region surrounding Phoenix. Irrigation on a local scale also can be expected to produce strong effects on soil microfauna such as springtails and mites, and this is what we observed. Xeric residential and commercial sites often are drip irrigated, a technique where water is speciÞcally directed to individual trees and shrubs. Although drip irrigation sometimes fails to produce the expected decrease in water use compared with sprinkler irrigation in mesic yards (Martin 2001) , drip-irrigated xeric habitats generally have strikingly different plant communities and vegetation structure. Thus, it is logical that these differences are associated with differences in arthropod communities.
Agricultural Þelds had the greatest number of signiÞcantly associated taxa (10) from indicator species analysis, followed by mesic yards (4) ( Table 4 ). This result indicates that, as well as supporting the most taxa, these irrigated and highly productive land use types also featured the most taxa that can be considered quantitatively characteristic of one land use type to the exclusion of others. Most of these taxa associated with agricultural Þelds were either foliar herbivores or predators likely to feed on foliar herbivores.
Taxa signiÞcantly associated with mesic yards were either herbivores or detritivores. Communities from these two land use types were differentiated from each other and from the other types in the ordination analysis (Fig. 5) . These patterns suggest that, despite one signiÞcant management feature in common (irrigation), agricultural Þelds and mesic yards are markedly different from each other as habitats for arthropods. This seems sensible when considering management of these habitats over time: agricultural Þelds vary greatly through time as they alternately feature lush crop vegetation and periods of bare, fallow soil, whereas mesic yards feature a completely different assemblage of plant species that maintain a largely constant vegetation structure over time.
The result that agricultural site communities differ from the other categories is consistent with earlier results from this project ), but the taxa of interest from indicator species analysis differed from the "unique taxa" listed in that earlier publication. These differences probably stem from two factors: (1) the categorization of land use types was different, and (2) "unique taxa" were deÞned in the earlier study as being completely absent from other land use types, which are more likely to be taxa of low overall abundance than species identiÞed in indicator species analysis. Peripheral desert and desert remnant sites had similar correlations with CCA axes 1 and 2 (Fig. 5) , indicating that their communities were more similar to each other than to communities on other land use types. Indicator species analysis also supports this proposition: when desert parks and outlying desert sites were considered separately, each featured relatively few signiÞcantly associated taxa. When the two desert categories were combined and the indicator species analysis redone, however, additional taxa were found to be signiÞcantly associated with the pooled category. Because there was not much change in the associations with other land use types in this reanalysis, it seems reasonable to conclude that considering desert remnants and peripheral desert separately understates the differences between both of them and all other land use types.
Indicator species analysis did reveal one important difference between peripheral desert and other land use types, including desert remnants. While some families of spiders were common in agricultural Þelds and mesic yards, several of the spider taxa characteristic of peripheral desert sites were largely absent from urban sites (Table 4) . This is signiÞcant because it indicates that, within the arthropod community, some top-level predators are missing from all but the most unmodiÞed sites in the urban area. Although taxon richness was overall similar between peripheral desert and remnants (Fig. 4) , that several taxa are associated solely with desert, and particularly with peripheral desert, indicates that the creation of desert park "islands" does negatively impact their arthropod community composition. This pattern is known from previous work at CAP-LTER; Shochat et al. (2004) found that, while comparing mesic yards and agricultural Þelds to desert sites, spider abundance went up, diversity decreased, and the composition of the community was different. Additionally, Faeth et al. (2005) showed that, in the larger taxonomic view, desert parks may exhibit differences compared with peripheral, contiguous desert in terms of species composition and trophic structure.
In both this study and in , commercial sites were not found to support unique or signiÞcantly associated taxa. In 1999 Ð2001 xeric yards did not support any signiÞcantly associated taxa, comparable with the earlier result from the combined residential yard category. In the ordination, communities from commercial sites and xeric yards did not correlate strongly to either axis 1 or 2, indicating that they do not have clear associations with the environmental variables encapsulated by our land use designations. These two relatively xeric urban land use types seem to feature different suites of generalist taxa, while missing many of the characteristic desert scorpions and spiders. Neither xeric yards nor commercial areas seem to be good replicates of peripheral desert or desert remnants as habitat for ground arthropods.
Certain arthropod taxa seem to do very well both within and outside urban areas. Springtails, mites, and ants, all of which are ecologically generalized, occur abundantly in both urban and rural environments (Czechowski and Mikolajczyk 1981 , Blair and Launer 1997 . Although one cannot reasonably expect to capture a large number of parasites when restricted to ground sampling, the very low number of parasitoid taxa in this study is consistent with prior observations (Sawoniewicz 1986, Denys and Schmidt 1998) . Urbanization, particularly through the mechanism of habitat fragmentation, is known to affect trophic structure (Bolger et al. 2000 , Gibb and Hochuli 2002 , Faeth et al. 2005 , and this seems to be the case in this study when examining the relative abundances of herbivores, predators, parasites, detritivores, and omnivores (Fig. 2) . In the case of Phoenix and the Sonoran Desert, predaceous taxa at the family level seem most likely to be lost when comparing peripheral desert to urban habitats (this study, Shochat et al. 2004) .
We must end the section on differences in community composition with an important caveat: pitfall trapping is an excellent technique for sampling many arthropods, but it may not consistently and reliably sample some taxa that at least minimally appear in traps, such as many herbivores and parasitoids. Pitfalls are also completely ineffectual at collecting aerial groups such as ßies and butterßies, which were entirely excluded from consideration in this study. We must acknowledge that our conclusions speciÞc to herbaceous or parasitic taxa may well be biased by our focus on ground-dwelling arthropods, and our broader conclusions about community differences might differ if we included other taxa. For instance, it is conceivable that that commercial and xeric yard sites might support unique or characteristic ßy or moth species or that differences in plant communities might lead to variation in host plantÐfoliar herbivore communities that is undetected by our methods.
Overall, however, we advance several conclusions about responses of ground arthropods to urbanization, at least in Phoenix, a desert city. (1) Agricultural Þelds and mesic residential yards, both irrigated and highly productive land use types, support the greatest number of individuals and the highest taxon richness. (2) These land use types also support the largest number of taxa signiÞcantly associated with one type but not the others, but differ strongly in community composition. (3) Arthropod communities of peripheral desert and desert remnant sites are clearly distinguished from other sites and only subtly distinguished from each other. Peripheral desert supports signiÞ-cantly associated taxa, including those not found regularly in desert remnants, although total taxon richness is similar in these two land use types. (4) Xeric residential yards and commercial sites do not support taxa not associated with other land use types, and thus are occupied more by generalist taxa. Communities of these two types do not strongly resemble desert communities, although the habitats seem superÞcially similar. (5) Urbanization affects trophic structure, among other ways, by removing some members of higher trophic levels.
While we feel these conclusions are relevant to management concerns, there are some limitations. Most signiÞcantly, because of logistical constraints, we report community patterns based on identiÞcations more general than at the species level. Because of this, we cannot directly address questions regarding invasive and introduced species and concerns over the fate of individual desert species. Despite these limitations, we will continue our long-term study and encourage continued study of urban habitats. We conclude that most urban land use types are poor replicates of unmodiÞed habitat, but recognize that substantial and often distinct communities of organisms inhabit all land use types.
